Predicting the effects of reduced external nitrogen loading on the nitrogen dynamics and ecological state of deep Lake Ravn, Denmark, using the DYRESM–CAEDYM model  by Trolle, Dennis et al.
ARTICLE IN PRESS0075-9511/$ - se
doi:10.1016/j.lim
Correspond
PO Box 314, 86
E-mail addrLimnologica 38 (2008) 220–232
www.elsevier.de/limnoPredicting the effects of reduced external nitrogen loading on the nitrogen
dynamics and ecological state of deep Lake Ravn, Denmark, using the
DYRESM–CAEDYM model
Dennis Trollea,b,, Torben B. Jørgensena, Erik Jeppesena,c
aDepartment of Freshwater Ecology, National Environmental Research Institute, University of Aarhus, Vejlsøvej 25, PO Box 314,
8600 Silkeborg, Denmark
bDepartment of Biological Sciences, Centre for Biodiversity and Ecology Research, School of Science and Engineering,
The University of Waikato, Private Bag 3105, Hamilton 3240, New Zealand
cInstitute of Plant Biology, University of Aarhus, Ole Worms Alle´, Building 1135, 8000 (Arhus C, Denmark
Received 6 May 2008; accepted 22 May 2008Abstract
We used the one-dimensional DYRESM–CAEDYM model, developed at the Centre for Water Research,
University of Western Australia, to elucidate the role of nitrogen and nitrogen dynamics in the ecosystem of
moderately deep Lake Ravn situated in an agricultural landscape in Denmark. We calibrated the model on a 7-year
monitoring period and tested it successfully on another 5-year period. The model reproduced well the temperature and
oxygen in both the epilimnion and the hypolimnion; however, the epilimnion oxygen concentration at its peak in late
spring was generally underestimated. Monitoring data on nitrate and total nitrogen (TN) was well reproduced,
although TN in the hypolimnion during the validation period was overestimated. RMSE values were overall similar
for the calibration and the validation periods. Simulations of scenarios with a reduced external nutrient loading suggest
that a substantial reduction (75%) of the TN input is required to obtain nitrogen concentrations sufﬁciently low to
diminish phytoplankton biomass, while a 90% reduction is needed to signiﬁcantly increase the depth limit of
submerged vegetation. Model simulations suggest that a reduction of the external total phosphorus (TP) loading
would be more feasible, as phytoplankton biomass signiﬁcantly declines at a TP loading reduction of 40–50%. While
our study demonstrates that nitrogen plays a minor role as limiting nutrient in Lake Ravn, the role of nitrogen can be
more important in shallow polymictic, eutrophic lakes, where summer nitrate concentrations are often low. Thus a
case-by-case analysis is required when setting targets for the critical loading of nitrogen and phosphorus in individual
lakes – an approach named the ‘‘new immission concept’’ by Benndorf [2005. Ecotechnology: basis of a new immission
concept in water pollution control. Water Sci. Technol. 52, 17–24] – instead of using rigorous common standards for
all river basins and waste water treatment plant outlets.
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Lakes play an important role as a sink for nitrogen, not
least when situated far downstream on streams or rivers
and if the retention time is long (OECD, 1982; Bachmann,
1984; Lijklema et al., 1989). Several empirical models have
been developed to describe annual and seasonal losses
related to water residence time and lake depth (e.g. OECD,
1982; Jensen et al., 1992; Windolf et al., 1996; Saunders
and Kalff, 2001). Such models are remarkably good at
predicting overall nitrogen losses at an annual or quarterly
basis; however, more detailed complex dynamic models
including a range of nitrogen-related processes and the
feedback between trophic structure and nitrogen dynamics
are available (Benndorf and Recknagel, 1982; Recknagel
and Benndorf, 1982; Jørgensen et al., 1986; Petzoldt and
Uhlmann, 2006).
While there is general consensus that phosphorus
loading is of key importance for the trophic state of lakes
(Schindler, 1977), the extent to which nitrogen plays a role
as a limiting factor for phytoplankton and macrophyte
growth – and if important, then when – is debated (Moss,
2001; Bergstro¨m et al., 2005; Gonza´lez Sagrario et al.,
2005; James et al., 2005; Benndorf and Chorus, 2006;
Petzoldt and Uhlmann, 2006; Jeppesen et al., 2007). The
Water Framework Directive (WFD) implemented by EU
stipulates that all European waterbodies should be
assigned to one of ﬁve ecological quality classes, based
primarily on biological indicators, and that a minimum of
good ecological quality should be obtained by 2015. In this
connection targets are to be set for both nitrogen and
phosphorus levels in lakes and a thorough understanding
of the role of nitrogen is therefore urgently needed
(Benndorf and Chorus, 2006). In addition to ﬁeld
experiments in enclosures (Gonza´lez Sagrario et al.,
2005) or whole lake experiments (Schindler and Fee,
1977), complex dynamic ecological models can be useful
tools in elucidating the role of nitrogen. In this study we
used the one-dimensional (1D) DYRESM–CAEDYM
model to elucidate the role of nitrogen and nitrogen
dynamics in moderately deep Lake Ravn situated in an
agricultural landscape in Denmark. We calibrated the
model on a 7-year monitoring period, tested it successfully
on another 5-year period and simulated the effects of
various scenarios of reduced external nitrogen loading on
in-lake total nitrogen (TN) concentrations, chlorophyll a
and the depth limit of submerged macrophytes. Finally, we
discuss the strengths and weaknesses of the model, the
validity of its predictions as well as differences in the role
of nitrogen between deep and shallow lakes.Study site, methods and model application
Lake Ravn, Denmark, is a mesotrophic dimictic lake
with a maximum depth of 33m, a mean depth of 15m, asurface area of 1.8 km2, a volume of approx. 27 106m3
and a hydraulic retention time of approx. 1.75 years.
The lake catchment (57.2 km2) consists of cultivated
areas (70%), forested hills (18%) and scattered dwell-
ings and wetlands (10%). During the 1970s Lake Ravn
was heavily loaded by sewage but has never been
characterised as ‘strongly polluted’ (County of Aarhus,
2005). Improved sewage treatment, particularly during
the 1980s, has resulted in higher Secchi depth in
summer; increasing from 2.5–3m at the end of the
1970s to 3–3.5m since the end of the 1980s. Today’s
annual mean external nitrogen load is approx. 120 ton
Nyr1 (based on 1993–2002 data), deriving mainly from
farmland in the surrounding catchment (70%) and
natural background nitrogen input (20%). The nitrogen
loading from waste water and other point sources
generally amounts to less than 5% of the total external
nitrogen load. For phosphorus the ﬁgure is approx.
1.8 ton P yr1 (based on 1993–2002 data) of which 30%
is derived from farmland and another 30% from natural
background input. The phosphorus loading from waste
water amounts to approx. 10% of the annual load, and
another 20% derives from other point sources such as
scattered dwellings. During 1989–2002 the lake inﬂows
and outﬂows concentrations of nutrients as well as lake
water environmental variables (temperature, nutrients,
oxygen, phytoplankton and zooplankton) were mon-
itored at monthly intervals during winter and biweekly
during summer; however, main inﬂow and outﬂow of
water was monitored continuously.
We used the dynamic DYRESM–CAEDYM model
developed at the Centre for Water Research, University
of Western Australia (www.cwr.uwa.edu.au), which
previously has been used for a range of lakes (e.g.
Schladow and Hamilton, 1997; Bruce et al., 2006;
Burger et al., in press). The model consists of two main
components: a 1D hydrodynamic model (DYRESM –
Dynamic Reservoir Simulation Model), including
a vertical distribution of temperature, salinity and
density in a lake/reservoir, and an aquatic ecosystem
model (CAEDYM – Computational Aquatic Ecosystem
Dynamics Model), which simulates a range of biologi-
cal, chemical and physical processes, essentially expres-
sing the variables that are commonly associated with
lake water quality (such as total phosphorus (TP), TN,
chlorophyll a, etc.). The theoretical framework for
DYRESM–CAEDYM can be found in Hamilton and
Schladow (1997), Imerito (2007) and Hipsey et al.
(2006).
The comprehensive data set thus gathered was used
to set up, calibrate and validate the ecological lake
model. Daily inﬂow and outﬂow volumes as well as
temperature and nutrient concentrations in the inﬂows
are required as boundary conditions and are essential
for setting up a representative water and nutrient
balance. Discharge in the main inlet and outlet (Qm)
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propeller. The water level (H) was continuously
recorded and daily discharge in main inlet was obtained
from relationships between H and Qm. In minor inlets
discharge (q) was measured with an OTT-propeller and
daily discharge calculated from q/Qm relationships.
Daily values of nutrient concentrations were calculated
by linear interpolation of observed values. The water
balance was adjusted by input or recharge of ground-
water. External loading was then estimated as the
product of daily water discharge and concentrations in
inlets and groundwater.
Daily input of meteorological data to the DYRESM–
CAEDYM model includes daily averages for air tempera-
ture, wind speed, rainfall, short and long wave radiation
and vapour pressure. Such data were acquired from
interpolated grid data based on meteorological stations
located in the proximity of Lake Ravn (data on vapour
pressure and long wave radiation – based on cloud cover –
were, however, acquired from a single meteorological
station in the town of Karup, located approx. 45km
north-west of Lake Ravn). Atmospheric deposition was
added using an average rate for Denmark of 5mgNm2
day1 and 0.04mgPm2 day1 (Hovmand et al., 1993).
Depending on the purpose of the model and the
availability of data the user may decide the complexity
of the DYRESM–CAEDYM conceptual ecosystem.
For instance, simulations can be made with up to
seven different phytoplankton groups, ﬁve zooplankton
groups, ﬁsh and submerged macrophytes. We only
included phytoplankton and zooplankton in our simu-
lations, as seasonal or yearly data on macrophytes and
ﬁsh was either very sparse or unavailable. As the yearly
mean biomass of diatoms and dinoﬂagellates constitutes
around 70% (in some years as much as 90%) of the
annual mean total phytoplankton biomass, these two
phytoplankton groups were included in the model. The
conceptual model for phytoplankton includes light-,
nutrient- and temperature-dependent growth, sedimen-
tation (and migration of dinoﬂagellates) and loss of
biomass due to grazing, respiration, decay and excretion
(Hipsey et al., 2006). Moreover, we included two
separate groups of zooplankton: cladocerans and
calanoid copepods, which together constitute approx.
75% of the annual mean total zooplankton biomass.
The model simulates the grazing pressure of zooplank-
ton on phytoplankton, but it does not explicitly include
ﬁsh predation on zooplankton, implying that the model
parameters encompassed by the zooplankton algo-
rithms, such as respiration and mortality rates, must
compensate for this.
In the DYRESM–CAEDYM model, nitrogen is
involved in a range of chemical and biological processes
– nitriﬁcation, denitriﬁcation, mineralisation of organic
matter, sediment ﬂuxes as well as phytoplankton and
zooplankton interactions, all inﬂuencing the seasonaldynamics of the various nitrogen species in the model
(Fig. 1).Results
Calibration and validation
The DYRESM–CAEDYM model was calibrated for
the period 1989–1995 and validated for the period
1998–2002. The years 1996–1997 were excluded from the
data set as the DYRESM–CAEDYM model does not
yet include ice formation and thus cannot account for
the particularly cold winters of 1996 and 1997.
A representative water balance is of key importance
when setting up a reliable model and is also a
prerequisite for a correct estimation of the nutrient
loading. First, therefore, the water balance was con-
trolled, after which calibration was carried out accord-
ing to the bottom-up principle, implying that, ﬁrst,
nutrient and oxygen dynamics were adjusted followed
by calibration of the dynamics of phytoplankton and
higher trophic levels. As the ecosystem components are
interrelated, all mass balances must, of course, show a
reasonably good ﬁt, and calibration might therefore be
performed according to other principles. However, the
bottom-up principle has the advantage that the analy-
tical errors related to nutrient and oxygen concentra-
tions are much fewer than for phytoplankton and
zooplankton biomass.
When calibrating the model we initially used pre-
deﬁned values based on ﬁeld measurements and
laboratory experiments for the model parameters
(Schladow and Hamilton, 1997). Subsequently, model
parameters were selected for calibration based on a
sensitivity analysis as described in Schladow and
Hamilton (1997). Model parameters were stepwise and
manually adjusted using intervals for the various
parameters derived from literature (e.g. Schladow and
Hamilton, 1997). After each simulation/calibration step,
the model error represented by RMSE values for each
output variable (such as epilimnion oxygen, TN and
chlorophyll a) was calculated (Table 1). The stepwise
manual calibration continued until the model error
could no longer be appreciably minimised for the
various output variables (calibrated parameters are
shown in Appendix A). To gain further insight into
the performance of the model, Pearson correlation
coefﬁcients between model output and monitoring data
were calculated for all output variables (Table 1).
We found good correspondence between model and
monitoring data for temperature in both the epilimnion
and the hypolimnion (Fig. 2) and no difference in the
capability of reproducing temperature between the
calibration and the validation period (Table 1).
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Fig. 1. Conceptual diagram of the selected nitrogen dynamics in the DYRESM–CAEDYMmodel (after Hipsey et al., 2006). PONL
and DONL represent particulate and dissolved labile organic nitrogen, respectively.
Table 1. Root-mean-square-error (RMSE) values and Pearson correlation coefﬁcients based on selected model outputs and
observed data
RMSE R
Epilimnion Hypolimnion Epilimnion Hypolimnion
Calibration Validation Calibration Validation Calibration Validation Calibration Validation
Temp. ( 1C) 1.444 0.837 0.873 0.770 0.986 0.992 0.892 0.793
DO (mg O2L
1) 1.668 1.697 2.643 2.234 0.467 0.569 0.878 0.928
TN (mg NL1) 0.485 0.416 0.540 0.643 0.862 0.851 0.817 0.627
NO3 (mg NL
1) 0.421 0.324 0.922 0.403 0.889 0.864 0.746 0.881
NH4 (mg NL
1) 0.068 0.071 0.482 0.565 0.038 0.431 0.609 0.568
TP (mg PL1) 0.010 0.010 0.063 0.074 0.615 0.480 0.423 0.380
Total Chl a (mg Chl aL1) 12.759 10.401 – – 0.140 0.351 – –
Total Zoo (mg CL1) 0.099 0.076 – – 0.288 0.405 – –
Secchi depth (m) 0.909 1.003 – – 0.300 0.479 – –
D. Trolle et al. / Limnologica 38 (2008) 220–232 223For oxygen concentrations, both the calibration and
the validation generally exhibited the same seasonal
dynamics as the monitoring data. However, the model
tended to underestimate the epilimnion oxygen concen-
tration at its peak by the end of the spring period.
We found good correspondence between model and
monitoring data for TN and for nitrate, which
constitutes the main part of TN (Fig. 3 and Table 1).
The model tended, however, to overestimate TN in the
hypolimnion during the validation. The ammoniumconcentration was relatively poorly reproduced, espe-
cially in the validation period, for both the epilimnion
and the hypolimnion (Fig. 4 and Table 1).
The modelled TP generally showed the same annual
and seasonal variations as the monitoring data from the
epilimnion and hypolimnion during both the calibration
and the validation period (Fig. 5 and Table 1). However,
a substantial short-term variation in monitoring data for
TP was not well captured by the model. Moreover, in
some years (e.g. 1992) high phosphorus concentrations
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Fig. 2. Simulated (line plots) and observed values () for temperature and oxygen in the epilimnion and hypolimnion, respectively.
D. Trolle et al. / Limnologica 38 (2008) 220–232224were recorded for the hypolimnion and then later
observed in the surface waters as well after the
autumn overturn, and these were not reproduced by
the model.
The model’s phytoplankton biomass included only
diatoms and dinoﬂagellates, which generally account for
70% of the total phytoplankton biomass in Lake Ravn,
but the model achieved fairly good agreement withmonitoring data for total chlorophyll a during spring
and summer (Fig. 5 and Table 1). In contrast, the model
underestimated total chlorophyll a during autumn.
Finally, the dynamics of the zooplankton biomass
was generally well reproduced by the model (Fig. 5 and
Table 1), and there was no apparent difference in model
performance between the calibration and the validation
period. A more detailed analysis of the model’s
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Fig. 3. Simulated (line plots) and observed values () for total nitrogen and nitrate in the epilimnion and hypolimnion, respectively.
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output variables can be found in Trolle and Jeppesen
(2007).Simulations of reduced external nitrogen loading
Five scenarios of external nitrogen loading levels were
established to quantify the inﬂuence of nitrogen load onnitrogen dynamics and on various indicators of lake
water quality such as chlorophyll a and maximum depth
of submerged vegetation (Fig. 6).
When the nitrogen loading was reduced an immediate
effect was observed on both nitrate and TN concentra-
tions. Søndergaard et al. (2005) suggested a concentra-
tion of 1mgNL1 as a standard for average summer
in-lake TN concentrations in order to meet the WFD’s
requirement of good ecological quality. This implies that
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required for Lake Ravn (Fig. 6).
According to our simulations, a 75% reduction of the
external TN loading to Lake Ravn would also decrease
phytoplankton production and thereby improve lake
water quality, which would ultimately ensure compli-
ance with the o6.5 mg chl aL1 target for deep lakes
suggested by Søndergaard et al. (2005) for good
ecological state according to the WFD (Fig. 6). Based
on the model output of chlorophyll a (mgL1) we
calculated the maximum depth of submerged vegetation
based on an empirical relation for Danish lakes with a
mean depth 42m, including also mean depth (m)
(Jeppesen et al., unpublished data).
Maximum depth for submerged vegetation (MDV):
MDV ¼ expð2:08 0:415  logðchl aÞ
þ 0:295  logðmean depthÞÞ; n ¼ 121; r2 ¼ 0:54
In the base scenario (no reduction of the external
load) the maximum depth of submerged vegetation
already meets the requirement of 45.0m suggested by
Søndergaard et al. (2005). However, a loading reduction
of at least 90% is needed to signiﬁcantly increase the
maximum depth of submerged vegetation.Discussion
With a few exceptions, the model was generally able
to reproduce well the measured data during thecalibration period, and the validation period produced
RMSE values similar to those of the calibration period.
This indicates that the model is able to track the year-to-
year changes and the overall reduction in nutrient
loading which occurred during the whole monitoring
period. While the model was particularly successful
at tracking temperature, nitrate and hypolimnion
oxygen concentrations, it was less successful at describ-
ing ammonium dynamics as actual concentrations
were occasionally substantially over- and underesti-
mated. We have no solid explanation for that, except
that ammonium is labile and affected by the phyto-
plankton uptake (included in the model), by hetero-
trophic microorganisms (not directly included in the
model) and nitriﬁcation, and ammonium dynamics
therefore often exhibits fast temporal changes in
concentrations. TN was affected by this relatively poor
ammonium simulation, but overall showed good
agreement between measured and modelled data as
ammonium only accounts for a small proportion
of TN. Epilimnion oxygen concentrations were often
underestimated during late spring. The monitoring
data indicate that the epilimnion was supersaturated
with oxygen from photosynthetic activity during this
particular period, which suggests that the temporal
exchange of oxygen at the atmosphere/water-interface
may be overestimated by the model or, alternatively,
that the oxygen produced by photosynthetic activity is
underestimated.
Although the validation of the model used in our
study was quite successful, its predictions are to be
ARTICLE IN PRESS
1989
Year Year
E
pi
lim
ni
on
 T
ot
-P
 (m
g 
P
/L
)
H
yp
ol
im
ni
on
 T
ot
-P
 (m
g 
P
/L
)
Zo
op
la
nk
to
n 
(m
g 
C
/L
)
Calibration Validation
0
0.025
0.050
0.075
0.100
0
0.1
0.2
0.3
0.4
0.5
0
0.1
0.2
0.3
0.4
0.6
0.5
C
hl
or
op
hy
ll 
a 
(µ
g/
L)
 
0
10
20
30
40
50
1990 1991 1992 1993 1994 1995 1996 1998 1999 2000 2001 2002 2003
Fig. 5. Simulated (line plots) and observed values () for total phosphorus in the epilimnion and hypolimnion, respectively; and for
total chlorophyll a and zooplankton.
D. Trolle et al. / Limnologica 38 (2008) 220–232 227treated with caution when evaluating the effects of
considerable loading reductions as parameters such as
maximum phytoplankton growth rates, zooplankton
grazing rates, etc., might change as the lake undergo
oligotrophication (Mieleitner and Reichert, 2006).
Moreover, most of the currently applied complex
dynamical models, including this study’s DYRESM–
CAEDYM model, are relatively conservative in thatthey often do not include essential structural changes in
the ecological system resulting from changes in the
nutrient input. This particularly applies to changes in
the ﬁsh stock, which may have extensive cascading
effects via increased zooplankton grazing on the
phytoplankton at reduced nutrient input (Jeppesen
et al., 2005). This would most likely lead to higher
transparency than that predicted by the models and also
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D. Trolle et al. / Limnologica 38 (2008) 220–232228affect the nitrogen retention (Jeppesen et al., 1998).
A ﬁsh module is available in the DYRESM–CAEDYM
model as well as in other existing dynamic lake
models; however, only sparse data is available on
ﬁsh stock dynamics in Lake Ravn (and this probably
applies to most other lakes as well). An applicable
test of the ﬁsh algorithms in currently used dynamic
models will require reliable estimates of ﬁsh stock
biomass in the study lakes during both the
model calibration and the model validation period.
Inclusion of N ﬁxing phytoplankton may also
alter the outcome of the various simulations,
but not the overall conclusion that P loading reduction
is of key importance for improving the lake water
quality of Lake Ravn (Trolle et al., submitted for
publication).
The simulations of various loading scenarios suggest
that substantial reductions (75%) of the external TN
load are required at constant TP loading if the in-lake
TN level is to drop to a level sufﬁciently low to lead to
diminished phytoplankton biomass. Furthermore, a
reduction of up to 90% of the TN loading is required
to signiﬁcantly increase the depth limit of submerged
macrophytes. A 90% reduction of the TN loading to
Lake Ravn is unlikely due to its location in anagricultural landscape. Moreover, even if a 75–90%
reduction of the TN loading was achieved, in-lake N
ﬁxation, which was not included in our model
simulations, could partly counteract the effect of the
loading reduction with the decreasing TN:TP ratio
(Smith, 1983, but see Jeppesen et al., 2005). Instead
focus should be directed at reducing the input of
phosphorus as a measure of further improving the
lake’s water and ecological quality. Model simulations
focusing on the phosphorus dynamics of Lake Ravn
(Trolle and Jeppesen, 2007; Trolle et al., submitted for
publication) suggest that a 40–50% reduction of the
external phosphorus loading will sufﬁce to decrease
the overall phytoplankton biomass (Fig. 7) to below the
threshold suggested by Søndergaard et al. (2005) for a
shift from moderate to good ecological state in deep
lakes (though WFD thresholds are not yet ﬁnally
negotiated).
Low nitrate concentrations in the hypolimnion may
enhance the sediment release of ironhydroxide-bound
phosphorus (Ripl, 1976; Søndergaard et al., 2000) as the
hypolimnion becomes anoxic and a threshold of
0.5–1mgL1 nitrate is reached (Petzoldt and Uhlmann,
2006; Benndorf and Chorus, 2006). Nitrate concentra-
tions were below this threshold in the hypolimnion of
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1989–2002 (Fig. 3). Particularly high ortho-P concentra-
tions in the hypolimnion were found before the autumn
overturn in most years with low hypolimnion nitrate
concentrations (Figs. 3 and 5), and a minor reduction in
the TN loading, which does not lead to N-limited
growth of phytoplankton, may therefore potentially
enhance eutrophication in the lake. Moreover, in lakes
situated in agricultural landscapes point sources gen-
erally account for only a small fraction of the TN
loading and TN concentrations in the epilimnion of
deep lakes situated in such landscapes are typically so
high (Søndergaard et al., 2005) that even a major
reduction of the TN loading from point sources may not
have a signiﬁcant positive effect on the ecological
quality (Benndorf and Chorus, 2006; Petzoldt and
Uhlmann, 2006). However, this is not the case for all
shallow lakes (Søndergaard et al., 2005; Jeppesen et al.,
2007). In north temperate eutrophic shallow lakes
nitrate concentrations may approach zero during
summer and the external nitrogen loading may therefore
be of critical importance. Recent studies in shallow lakes
emphasise the potentially negative impact of nitrogen on
ecological quality (Moss, 2001; Gonza´lez Sagrario et al.,
2005; James et al., 2005). Studies conducted in shallow
Polish and British lakes showed a decline in macrophyte
species richness with increasing nitrate concentrations in
winter (James et al., 2005). Enclosure experiments run at
various combinations of TP and TN concentrations in a
shallow Danish lake indicated a high risk of submerged
macrophyte loss when TN exceeded 1.2–2mgLl at TP
levels higher than 0.1–0.2mgLl (Gonza´lez Sagrario
et al., 2005; Jeppesen et al., 2007). However, at low TP
concentrations variations in nitrogen loading had no
signiﬁcant impact on macrophyte biomass. Survey data
from Danish lakes further show that submerged
macrophytes typically disappear at TN concentrations
of 1–2mgNLl at moderately high TP concentrations
(Gonza´lez Sagrario et al., 2005; Jeppesen et al., 2007).
These critical TN concentrations, which apparently
trigger losses of macrophytes, are low compared to thepresent concentrations in many European lakes
situated in cultivated landscapes. Benndorf and Chorus
(2006) argue that nitrate concentrations above 0.5–1mg
NL1 may prevent phosphorus release from the
sediment, where phosphorus is bound to iron, and that
nitrate thus may have a positive effect on ecological
quality, even in shallow lakes. While this may be true for
some shallow lakes, it does not concur with the
experiences gained from studies of eutrophic, shallow,
polymictic Danish lakes. These lakes have generally
shown a high internal phosphorus loading (based on
mass balances) at increasing temperatures, even when
nitrate concentrations were still far above 1mgNL1
and the oxygen concentration in the lake water was
high, sometimes even supersaturated (Søndergaard
et al., 1990, 1999, 2005; Jensen and Andersen, 1992;
Jensen et al., 2006). This may reﬂect a higher miner-
alisation rate in the top sediment mediated by a higher
temperature and higher sedimentation, which causes a
reduction of the sediment redox potential to levels so
low that phosphorus is released irrespective of the
oxygen and nitrate concentrations in the water above
the sediment. In eutrophic lakes high pH may be
another inﬂuencing factor on the sediment phosphorus
release (Søndergaard, 1990; Jensen and Andersen,
1992). However, we agree with the overall conclusion
by Benndorf and Chorus (2006) that targeting the
critical loading of nutrients should be based on analysis
of the sensitivity of the individual recipient ecosystems.
Moreover, rather than using ﬁxed thresholds and
ﬁxed methodology, the ways to reach these targets
should be optimised based on economical and ecological
insight – termed the ‘‘new immission concept’’ by
Benndorf (2005).Acknowledgments
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ecology and restoration.Table A1. Assigned values for a range of parameters used in the c
Parameter
Dinoﬂagellates – maximum potential growth rate Pm
Diatoms – maximum potential growth rate Pm
Dinoﬂagellates – light saturation for maximum production Ist
Diatoms – light saturation for maximum production Ist
Dinoﬂagellates – half saturation constant for nitrogen uptake KN
Diatoms – half saturation constant for nitrogen uptake KN
Dinoﬂagellates – minimum internal N concentration INm
Diatoms – minimum internal N concentration INm
Dinoﬂagellates – maximum internal N concentration INm
Diatoms – maximum internal N concentration INm
Dinoﬂagellates – maximum rate of nitrogen uptake UN
Diatoms – maximum rate of nitrogen uptake UN
Dinoﬂagellates – temperature multiplier for growth vT
Diatoms – temperature multiplier for growth vT
Dinoﬂagellates – respiration rate coefﬁcient kr
Diatoms – respiration rate coefﬁcient kr
Dinoﬂagellates – speciﬁc attenuation coefﬁcient Kep
Diatoms – speciﬁc attenuation coefﬁcient Kep
Cladocerans – grazing rate ki
Cal. copepods – grazing rate ki
Cladocerans – half saturation constant for grazing Kj
Cal. copepods – half saturation constant for grazing Kj
Zooplankton – minimum grazing limit min
Cladocerans – constant internal nitrogen INZ
Cal. copepods – constant internal nitrogen INZ
Cladocerans – respiration rate coefﬁcient krz
Cal. copepods – respiration rate coefﬁcient krz
Cladocerans – temperature multiplier for grazing vZ
Cal. copepods – temperature multiplier for grazing vZ
Cladocerans – preference factor for dinoﬂagellates PzP
Cal. copepods – preference factor for dinoﬂagellates PzP
Cladocerans – preference factor for diatoms PzP
Cal. copepods – preference factor for diatoms PzP
Max transfer of PONL-DONL PO
Max mineralization of DONL-NH4 DO
Temperature multiplier for sediment ﬂuxes vS
Static sediment oxygen demand rSO
Half saturation constant for static DO sediment ﬂux KS
Denitriﬁcation rate coefﬁcient koN
Half saturation constant for denitriﬁcation KN
Nitriﬁcation rate coefﬁcient koN
Half saturation constant for nitriﬁcation Ko
Release rate of NH4 Sm
Oxygen control factor for NH4 release KD
Rate of sediment NO3 uptake (sediment denitriﬁcation) Sm
Oxygen control factor for NO3 release KDAppendix A
Assigned values for a range of parameters used in the
calibration of DYRESM–CAEDYM are provided in
Table A1.alibration of DYRESM–CAEDYM
Unit Assigned value
ax day1 1.5
ax day1 2.8
mEm2 s1 390
mEm2 s1 70
mgNL1 0.019
mgNL1 0.030
in mgNmgC1 0.01
in mgNmgC1 0.14
ax mgNmgC1 0.10
ax mgNmgC1 0.18
max mgNmgC1 day1 0.02
max mgNmgC1 day1 0.10
– 1.06
– 1.06
day1 0.08
day1 0.08
(gCL1)m1 0.1
(gCL1)m1 0.1
(g phytoCL1)/(g zooCL1)/day 0.50
(g phytoCL1)/(g zooCL1)/day 0.40
mgCL1 0.20
mgCL1 0.22
res mgCL1 0.01
con MgNmgC1 0.15
con mgNmgC1 0.15
day1 0.08
day1 0.05
– 1.07
– 1.07
HY – 0.8
HY – 0.7
HY – 0.85
HY – 0.85
N1max day1 0.01
N1max day1 0.003
– 1.05
s gm2 day1 0.7
Os mgO2L
1 0.4
2 day1 0.03
2 mgNL1 0.5
H day1 0.15
n mgO2L
1 2.0
pNH4 gm
2 day1 0.042
OS-NH4 mgO2L
1 0.40
pNO3 gm
2 day1 0.01
OS-NO3 mgO2L
1 0.50
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